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(54) High temperature superconductivity in strained St/SiGe 



(57) A structure based on strained St/SiGe that has 
high temperature superconductivity is disclosed The 
structure for carrying superconducting current includes 
a substrate (12). a firsi epitaxial P type semfconductor 
layer (14), which is under compressive strain, for trans- 
porting hofes: a second ec it = syet i20t po&i 
toned on the first layer (i 4): and a third epitaxial N type 
semiconductor iaysr (24), which is under tensile strain, 
fot transporting electron;;. The barns: v (30} is tinck 
enough to restrict recombination of eiectrons anci hoies, 
ye! the barrier layer (30s is thin enough to permit cou- 
!0 lb , >i f v,j nd - 

i « r;o' d layers 

(14,20) include SiGe. such as Si, x Ge x , where x is 
0.6-0.8 tor the first iayer (14), ana 0 3-0.4 for She second 
layer 
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Description 

The pros -*qh emper- 

aiure superconducting semiconductor structure, and 
more particuia * s onductor structure having 
strained Si-'SiGa layers separated by a thin SiGe barrier 
layer. 

Superconductors are of great interest for tiissipa- 
tt rii ss, transmi < s, tv r et ci >rs 

among other ^ <■ > prevent wide use j{ 

superconductors, such as the need for excessively tow 
r> j > i <] i <i i, tit! / o ; i f, m <i ) >tlt (. 

iSp txhnohn, iv i i >ti^ d jctors require 
low temperature m order ;o become superconducting, 
which makes their commercial use quite limited 

Advances in superconductivity have been due to 
i i proved s s ctron i < t <ppt g 

periattices or strained layers. However, satisfactory su- 
perconductors that operate a; relatively high tempera- 
ture, and are compatible with silicon technology have 
not been achieved. Thus, although high temperature su- 
perconductors have been realized, such conventional 
mperature superconductors are not fully compai- 



with c 



8it-.ci.-r. 



A, for example 

Theinve ; 
interface tha* i p ^r ccnduciiv ty 

The first les SiGe. sue Ge where 

s % is in the tanged oco cm , , -r < 

0.8. The second layer also includes SiGe, such as 
St.,„ x Ge x , where x s in lh« rang* > - out ( 3 k bout 
0.4. The third layer includes Si illustratively, the first lay- 
er is under compressive strain, and the third iayei is un- 

The layers -are fully compatible with conventional 
structures for Si/SiGe CMOS. Thus, CMOS structures 
may be combined with the inventive structure which 
acts ds sups cone i » nnects. in the sm salt c 

'J $ n turs td « Jaye of St id SiGe are grown, 
such tha; electrons exist in the Si layer and holes exist 
in ihe SiGe layers without recombining. Current is fed 
thiough the thai layer, which is a Si channel, with elec- 
trons in it. and returned in an opposite direction through 

SO the first jye whet jaStG f tain 3 hole 

Electrons and holes can be introduced by doping, mod- 
ulation-doping , *g a field-effect from a top 
and/or bottom gate. This allows electrons and holes to 

move to th - s one on ectton and due to the couiomb at- 



Therefore, there is a need for high temperature su- 
perconductors that are compatible with conventional Si 
technology 

The Object of the present invention is to provide a 
superconducting semiconductor structure that elimi- 
nates the problems of a . 

Another object of the present invention is to provide 
a structure that is superconducting at relatively high 
temperatures. 

Yet another object of the present invention is to pro- 
vide a high temperature superconducting structure that 
is compatible with conventional silicon technology. 

A father i bji toil iion is toprovidr 

a superconducting structure where the superconductiv- 
ity is induced by light. 

An tte ti i i bje to! f present in i is to 
provid gat 5 i in ; which the 

superconductive state is achieved or destroyed by 
changing the ratio of electrons to holes oy varying gate 
voltages. 

These d i i 1 i nttnve ho' r^ 

achieved b> 

current compnsi epitaxial P type 

semiconductor layer tor transporting holes, a second 

i> e on t e ! at -y <ir and 

a third epitaxial H type semiconductor layer tor trans- 
porting electrons 

T barrier ^f i o else 

trans and h >. - 1 fotce attrac- 

tion between the Iron i ok tc term electron- 
hole pairs. The formation of etectron-hots pairs Is en- 
hanced due to the small thickness of the barrier layer, 
which may have s n i >:imatety5Ato30 



The present invention achieves toed temperature 
superconductivity dusto electron and hole pairing In the 
same structure Without (ecornbinlng. Superconductivity 
in the inventive structure results {rem electron-hole drag 
in (he strained Si/SiGe layered structure. U is believed 
that conductivity of the inventive structure is sufficiently 
enhanced to produce superconductivity al temperature 
n j - i i - n semiconduc- 

tor materials. 

Sijpeicouduchvhy Is induced when equal densities 
of electrons and holes exist in adjacent channels, when 
the ratio or electron to hole densities is changed from 
equality, superconductivity Is destroyed. 

An ember; ^ < • i^m on wi now be de- 
scribed with reference to the accompanying drawings, 
in which: 

FIG i shows a cioss-sectioa ot a high temperature 
superconductivity structure having adjacent etec- 
ron anc i nel 
veotion; 

FIG 2 shows a test structure tor Slowing currenl and 
measi ring fongi i tagneto-re 

sistanco according to the present invention 

FIG 3 is a graph showing a nearly Instantaneous 
large increase in current: when the superconductor 
st uctu e of c G '■ - ms on a < rdtn jtoti pres t 
invention; and 

RG 4 isaerar < ntaneous 
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i currents when fhe superconductor 
structure of FIG i turns on as a function of top ami 
bottom gate biases according to fhe present inven- 



RG 1 she .\ ! j t si tperature 

superconducting structure 10, according to one embod- 
iment of the present invention. The structure 10 carries 
superconducting currents and includes a substrata 12, 
ifiu trat </Jy ft bstrate 12 is siile n (S w ch is 
doped p- 

A layer o? silicon Germanium (SiGei ;4 is foimed 
over the substrate 12. This St,.,.Ge,, layer 14 is graded, 
where ysO at the interface 1 6 between the substrate 12 
end the graded layer 14. At an opposite interface 18, i 
e . , opposite from the subsirate~to-graded layer interface 
16. the value of y is O.S. for example. 

A reiaxed SiGe layer 20 ; such as an Si,-, 7 Ge 0 0 layer 
is formed over the graded layer 14, The relaxed layer 
20 acts as a buffer layer. Illustratively, fhe graded and 
relaxed layers 14, 20 are each approximately 1000 nm 
thick, 

A high Semi r onduciing channel 22 is 

formed over She rt 1 ix i but! 1 .>>. r 20 The supercon- 
ducting: channel 22 includes three epitaxial layers., 
namely two semiconductor layers doped with different 
type dopants, separated by a banner layer, illustratively, 
a silicon channel 24 is formed over the buffer layer 20 
having a thickness of approximately 10 nra The silicon 
channel 24 is used to transport electrons 25. A pair of 
contacts 26. 28. which ate silicon doped with N-type ma- 
teria! tor example, are formed at both edges of the silicon 
channel 24. The silicon channel 24 is under a tensile 
strain because the underlying substrate is a relaxed 
SiGe buffer. This is advantageous because the silicon 
under tensile strain o! the Si channel 24 terms an elec- 
tron quantum welf. which confines the electrons. 

A thin barrier layer 30 is formed over the silicon 
snnel 24 The . s inciud r, > 
x is In trie range from about 0 3 to about 0.4. 

Nexf. an S lay r it i 
layer 30. and is used lo transports holes, 33 illustratively 
the P-fype channel 32 has a thickness of approximately 
10 nm and x is m the range from about 0.6 to about 0 8 
The SiGe P-tyoe channel 32 is under a compressive 
strain because the underlying substrate is a relaxed 
■SiGe buffer favor 20 with lower Go-content This is ad- 
1 i met V 'j m 3 
i q i mt > i i Th« ^ inr 

SiGe channels 24 32 are referred to as type SI {stag- 
gered} aligned layers 

io P arid N type- m 52, 24 may be inverted 
where the P-re pe« nnelS ifo ed ever the relaxed 
SiGe buffer layer 20, and the N-type channel 24 is 
formed ovet the th t b m st layer 33 

The barrier layer 30 is thick enough to restrict re- 
combination ot electrons 25 and holes 33 flowing in the 
N and P ch i tt.4 \ j ye n snough 



to allow coulomb force attraction between these ejec- 
tions 25 and hot toon e lee; rot hole pairs Illus- 
tratively the fti s nom v ippio> ■ 
imately 5 A to approximately 30 A. 

s A pair of P-lype regions 34. X, acting as P-typ© 
eleclrode;; ot contacts is formed at the edges ot the P- 
type channel 32. A top silicon layer 33 is formed over 
the P-iype channel 32. 

A DC c as { r - d \ o t ts 3 + e 

!0 on one side of the channel 22. tor example using a bat- 
tery 40. The P and N contacts 36, 28 located opposite 
fl ebi isedm ot i ts 34 2f j 8w by w 

42. Thesecc— cause current to flow through the 
channel en m discussed in connection with PiG 2 

m In accordance with the present inventions the elect- 
tron-hoie pairing in the inventive structure 10, which is 
implemented with the Si/SiGe channels 24, 32, results 
in superconductivity. Superconductivity is induced when 
equal densities ot electrons 25 and holes 33 exist in the 

20 adjacent channels 24. 32 when the ratio of electron to 
hole densities is changed from equality, superconduc- 
tivity is destroyed T i rtmO rich eves 
superconductivity in single erysial material that is fully 

n I i r In 

2S particular with 

process discussed in the 

men , i In-' i 

(1) U S patent number 5 : S34,7t3> issued on Jury 
ee 9, 1996. to Khaiid Ismail and Frank Stem^ntitSed 

'CMOS Transistor Logic Strained Si/Ge Heter- 
ostructure Layers", and assigned to the same as- 
signee hereof, The idea of electron-hole pairing, 
and the possibility of forming a seperfletd has been 
es generally suggested in the following reference, 
which i - 1 ■ j* t ' ' -■ nee 

(2) Yu.E. loxovik and V.I. Yudson, "A New Mecha- 
nism for Superconductivity: Pairing Between Spa- 

ue tialfy Separated Electrons and Holes", Sow Pays 
JETF '014- No ?, c r - V (1376) 

The essential requirements for forming such a su- 
> rt l tt vine: m .eel< 1 

-n? have stmilat masses and concentrations. (2- that they 
^ mm ' m.wi ■ id. I v - 

enough for the coulomb interaction between them to be 
significant: (4) and thai they move in fhe same direc- 
tions, so that fhe currents in fhe M and P channels 2-1. 

SO 32 flow m opposite directions 

The strained Si/SiGs channels 24, 32 of the super- 
conducting structure 10 ate grown m such a way that 
electrons 25 are cortiinec 4 trtd ^otes 

33 are c r T re i 

55 the electron and hole masses in the plane perpendicular 
to trie growth axis to be different from their masses per- 
pendicular to fhe plane along the growth axis In the 
Structure for CM - • n the tsma eierencc 
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i ass n the plane 
is 0.2 ttie, and perpendicular to the piano is 0.96 me, 
where rne is the electron mass. For notes 33,the cone- 
spooding masses are 0 1 5 me and 0.5 me, respectively. 

The inventive superconducting structure 10 has 
greas advantages over conventional superconducting 
structures to implement She eiectron-hote pairing struc- 
ture Fi< 1 V t t 1 J ! ' 1 >J nt'it- ! Of 

nfine 

arid spatially separata the electrons 25 arid holes 33 
Second, the high perpendicular masses- of electrons 
<. i 1 a lit f pat i /eve fi ) ions of 
both particles <i e ek *r > id - >li 3 by jf a 

j ] n en si systen > which x ibit 
tyoe-twc band alignment, such as InAs/GaSb, the elec- 
tion mass :s very small, and hence a thick barrier is re- 
quired:, il is very advantageous to have a thin barrier in 
order to increase the coulomb attraction between the 
electrons and holes to Jot re pairs, in the Si/SiQe chan- 
nels 24, 32, the in-plane masses and mobilities of both 
electrons 25 and holes 33 are quite similar, which helps 
in forming a superftetd state. The inventive structure 10 
is grc « - on Si f t I w t i e e 

canity suggested CMOS process discussed in the Ismail 
reference {1), and with conventional semiconductor 
manufacturing 

As shewn in FIG 2, in order lo form etecfron-hote 
pair*, the electrons 25 and holes 33 have to be moving 
in the same direction shown by arrow 48, Two currents 
flow in apposite directions as shown by arrows 46, 48. 

Fig 2 is a test pattern or structure 50 lor examining 
electron-hole drag, where current 52 flows into the N- 
type contact 26, through the channel 22 in direction 46 
toward the N-type contact 28, to the P-type contact 36 
through the Wire 42, back through the channel 22 in di- 
rection 43 toward the P-type contact 34, and out of the 
P-type contact 34 The current flows :e direction an m 
the tower part of the channel 22. corresponding to the 
N-type channel 24 of FIG 1. because the etectrons 25 
flow in a direction which is opposite to the current direc- 
tion 46. Similarly, the current flows in direction 48 in the 
upper part of the channel 22. corresponding to the P- 
lype channel 32 of FIG 1 . because the holes 33 flow in 
the same direction as the current direction 48. 

The test structure 50 Is used for flowing currents 
n d rne -ire i r < i gnelc e 

sistance of the electron and hole channels. The etec- 
trons and notes a re forced to flow in the same direction, 
e.g . from contacts 23, 36 to contacts £6. 34 The test 
structure 50 is used as follows. A positive voltage is ap- 
plied to the N-contact 26, contacts 2-3 and '36 are shorted 
together by the we 42 - -as . £ -■ m ict 34 is ground- 
ed 

The occupation of the channels 24 32 with elec- 
trons 25 and holes 33 can be induced by shining light 
o tt ? samp on the i 38 with a wave- 

len jih that is in the rang <tmate;y i 0 am to 
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approximately 1.5 pre. This wavelength corresponds to 
the bandgap of the su n iyci 32 T:.e 

carrier density can also be controlled using a top gate 
43 or a bottom gate 44 bias Thus, the inventive device 

s 10 can also be operated as a transistor in a three/four 
torminai configuration, in the three terminal configura- 
tion. P and N contacts 36 - shod j together, while 
t f j t nation, fhe tour terminals are 

the four contacts 26, 34. 26, 36. The inventive device 

to can be switched from a tow conductivity state to a su- 
perconducting state white the supply bias 40 can be very 
tow. 

The inventive device can be used as an intercon- 
nect in circuits and in building Josephson junction de- 
al t i cue t tn t s it c m be 
also used as a very efficient photo-detector in the infra- 
red, and tor low power field-effect transistors. 

In addition, the inventive device 1 0 can be used as 
a frequency multiplier or in multilevel logic, based on the 
20 noo-monotontc Increase in current with fhe gate voltage. 
FIG 3 shows the nearly instantaneous large increase in 
cur rent 60 when the invective superconductor device 10 
turns on. This is in contrast to the monotonic current in- 
crease 62 tor a typicai conductor. 
CS Furthei the inventive superconductor device can 
be used as a comparator between the voltages on the 
• d I ties 44 onductivHy and 

hence high current treat lev to . » specific com- 
binations of gale voltages. This is shown in FIG 4, where 
33 large currants 70, indicating superconductivity, occur at 
particular values ol top and bottom gate voltages, Vgl 
and Vg2. respectively. 

The invention can be implemented by growing Ss/ 
SfGeheterostfucture layers 24, 32, where the electrons 
& 25 exist in a Si-layer 24 under tensile strain, and the 
holes ere ith< > * 1 repressive strain 
lesetaye; < te the sin SiGe barrier fay 
er 30 (about 1 n t , >f ipproximate- 

fy half that ol the P chant oh 'if t <■< t jc of < n 
an the Si-^Ge., material ct the barrier layer 30 is approxi- 
mately half the value of x in the Si t . x Ge x material of the 
P channel 34. Currents flow in opposite directions in 
those channels 24 ; ( ng essively through 
fhe external contacts 26, 28, 36 34, for example. 



Claims 

1. A structure for carrying superconducting current 
comprising: a substrate: 

a first epitaxial P type semiconductor layer for 
transporting holes: 

econd eplta> r positioned < 

said first layer, said barrier layer restricting fhe 
recombination of electrons while permitting 
coulomb force attraction between electrons 
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3S 



4S 



SO 
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and said holes to form electron-hole pairs; and 



epitaxiat N type semiconductor layer for 
oriing said electrons 



The structured claim 1, wherem said firs! layer in- 
eludes i ■ and wherein said t layer is under 



The structure a ci&lm i , wherein said second layer 
r;c ^ G „ t i n - < ne o i 

about ■> 10 30 Angstroms 

The structure of claim i . whored said third layer in- 
cludes Si and wherein said fhtrd layer is under fen ■ 
site strain. 
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1 0 um so approximately 1 .5 um. 

16 Afse'dc ^ - n$ 

1 ctijre of cfaim 

17. The tieici offset transistor of claim 1 8 further inciud- 

, a gate electrode positioned adjacent one ot said 
f i -in ) < d <tt i iihitd 

layers are coupled together on one side of said gate 
io electrode. 

18. A comparator having a structure for carrying super- 
c nduc ingci ra ; aimec in cte ns i to 1J 

19. A ' ip' 1 itn, i ) 1 i h r > r 3 
superconducting current as claimed in claims 1 to 



5. The structure of claim 1 . wherein said first layer in- 
cludes 3i,. x Go, where x is in the range from about 
0.6 to about 0.8 

6. The structure of claim 1 . whe rein said second layer 
includes Si Vsr Ge x . where x is in the range from 
about 0.3 to about 0.4. 



20. A photo detectoi h j i 3 fore nrying sit- 
i Deducting i u timed m claims 

21. The photo-detector of claim 20 further including a 
radiant energy source and a tight path for directing 
radiant energy from said fad-ant energy source to 



7. T ru i "t h ir <t r i it i i <■ 
eludes a graded layer and a buffer layer formed be- 
tween said graded layer and said third layer. 

8. The structure of claim 7, wherein said graded layer 
includes Siv.yGey. where y is in the range from 
about 0 to about 0.3. 

9. The structure of cfairn 7, wherein said buffer layer 
includes Si 07 Ge 0 



22. Afrsquen t ng ' cture for carry- 

ing superconducting current as claimed in claims 1 
to 15. 



10. The structure of claim i further including a fourth 
epitaxial darner layer and wherein said first through 
fourth layers are repeated. 

11. The structure of claim i further comprising a bottom 
gate located below said substrate, and a top gate 
located above said third epitaxial N type semicon- 
ductor layer. 

12. The structure of claim 10 wherein voltages on said 
top and bottom gales induce super conductivity. 

13. The structure of claim id further comprising a fop 

n layer f t ite and said 

n -^f if <t il \ t\p i i fi a 

14. The structure of claim 1 farther comprising a light 
source for shining a fight of predetermined wave- 
length to induce superconductivity. 

15. The structure of claim 13. wherein said predeter- 
mined wavelength is in the ranee of approximately 
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FIG.3 
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FIG. 4 
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(54) High temperature superconductivity in strained Si/SiGe 



(57) A structure based on strained Si/SiGe thai has 
high temperature superconductivity is disclosed. The 
trucftiK tor earn, ) '■ ant includes 

a substrate (12); a first epitaxial P type semiconductor 
layer (14), which is under compressive strain, tor trans- 
porting botes, a second epitaxial barrier layer (20) posi- 
tioned on the first layer (14): and a ihird epitaxial N type 
semiconductor layer (24).. which is under -ensile strain, 
to f t -pi i t to i o' t * t1 i- 

enoughloi sii ' - 1 > detections - d botes, 

yet the barrier layer (30) ts thtn enough to permit cou- 
lomb lore© at • r t • sn the e ro jnci i h 
to form elect : o' <. - ' Ti < 1 1 t : r_ •to-jvr. 
(14,20) include SiGe. such as Si, x Gto ): , where x is 
0.6-0 8 tot she ttrst layer fi A), and 0.3-0.4 to; the second 
I yer JO II - >4 i i 
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